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ABSTRACT

The effects of itinerant spin-density fluctuations, or paramagnons,
on various physical properties including the electronic specific heat
coefficient y, the low temperature electrical and thermal resistivities,
and the ideal Lorenz number were reviewed. Paramagnon interaction
effects, which are important in determining the low-temperature prop-
erties of strongly-exchange-enhanced paramagnetic metals like palla-
dium, can be strongly modified by alloying additions, in particular
nickel. The exchange enhancement increases with nickel content until,
at some critical composition, the system goes ferromagnetic. Two
models have been introduced to explain the properties of such alloys.
In the one model, the uniform enhancement model, it is assumed that
the effect of alloying with nickel may be represented by an increase in
the exchange enhancement of the matrix. In the other model, the local
enhancement model, the alloy is treated in a scheme valid in the dilute
limit, where the spatial inhomogeneities of the spin density fluctuations
in the vicinity of the nickel site are taken into account. Both of these
models were examined and compared with experimental observations
of Pd, Pt, and Rh with alloying additions of Ni. The theoretical cal-
culations of various composition-dependent and temperature-dependent
effects gave, in almost all cases, reasonable, but somewhat large, esti-
mates for their magnitudes.
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ELECTRON-PARAMAGNON INTERACTION EFFECTS IN
NEARLY FERROMAGNETIC METALS

INTRODUCTION

The concept of electron-electron interactions in strongly paramagnetic metals was
first phenomenologically introduced by Stoner (1) to explain the large magnetic suscepti-
bilities exhibited by certain transition metals and alloys. At that time the free electron
theory of metals was being applied extensively, and it appeared that information concern-
ing the density-of-states curves appropriate to pure metals and alloys could be obtained
directly from experimentally determined values of the electronic specific heat and the
magnetic susceptibility. According to the quantum mechanical, noninteracting electron
theory of metals the coefficient y of the linear term of the low-temperature specific heat
is given by

27r2 k 2

__- No_ (1)

where NO(EF) is the density of states per spin direction at the Fermi energy. Further-
more, according to the simple theory the "Pauli" paramagnetic susceptibility x0 is given
by

x0 = 24 2 N,(EF) (2)

where I-B is the Bohr magneton value.

Starting from these two equations, a self-consistent interpretation was given for the
values of the density of states and for the manner in which the density of states values
varied with alloying. For the alloys the rigid band model was tacitly assumed, and for
the more strongly paramagnetic metals the Pauli susceptibility was generally assumed
to be the dominant contribution.

For the simple, nontransition metals these notions fit the experimental facts tolera-
bly well; for alloys these notions fit the data less well. However, the model breaks down
rather badly when applied to the data of the strongly paramagnetic, transition metals Pd,
Pt, and Rh. If one attempts to calculate the magnetic susceptibility of these transition
metals by employing Eq. (2) along with an NO(EF) obtained from Eq. (1) and experimental
specific heat data, then one finds that the predicted magnetic susceptibility is too small
by a factor as large as 10. A similar comparison with theory of the experimental values
of the magnetic susceptibility and of the electronic specific heat coefficients for alloys of
strongly paramagnetic transition metals also yields poor agreement.

This poor agreement was phenomenologically rectified by Stoner by postulating an
internal molecular field kM proportional to the magnetization; the molecular field yielded
an enhanced d-band polarization and, consequently, an enhanced magnetic susceptibility:

M = X,(H+ M) = xH , (3)
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from which

X = XO/(i- Xx)

or

x= SXO

where x is the "enhanced" susceptibility resulting from the additional polarization of the
molecular field. S is the Stoner enhancement factor and is greater than 1 for strongly
paramagnetic metals. The origin of the molecular field is not clear from this model,
since it is essentially phenomenologically introduced, but it represents an interaction
term favoring parallel electron spin alignment. The strength of this interaction can be
deduced from the magnitude of X o; when kx, = 1, the susceptibility diverges and ferro-
magnetism occurs.

More recently (2) enhanced d-band polarization and magnetic susceptibility have
been derived by introducing in the Hamiltonian a term representing a short-range intra-
atomic repulsion between d-electrons of opposite spin states on the same Wannier or-
bital. In the equation

Ho = T + I nitni (4)

where

nit = CCitcit

T is the kinetic energy term, nif is the number operator for d-electrons with spin up
associated with the ith unit cell, c+t and cit create or annihilate a spin-up electron in
the Wannier orbital associated with the ith unit cell, and I is a measure of the phenome-
nological intra-atomic electron-electron repulsion between electrons of opposite spin.
The s-electrons are presumed to provide sufficient shielding so that inter-atomic inter-
actions are unimportant.

The consequences of the interactions between d-electrons have been determined in
terms of a generalized susceptibility which is a function of the frequency c and the mo-
mentum q. Within the framework of the random phase approximation it can be shown
that the generalized susceptibility x (q, c) for the exchange-enhanced metal can be ob-
tained in terms of the generalized susceptibility for a noninteracting electron gas,
X0(q, a) XO~~~~~~~q,~O~,

X (q, a) = (5)
1 - IXO(qc))

The measured bulk susceptibility in this model is the value of x at the static limit,
q-*0 and w-G:

X o
Y(O,O) =- ~~= SX0

1 -INO(EF)

where N0(EF) is the unenhanced bare-band density of states at the Fermi energy and
X = 2p42 NO(EF). As the strength of the interaction INO(EF) increases, the paramagnetic

2
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state becomes unstable with respect to a transition to the ferromagnetic state; the cri-
terion for ferromagnetism in such systems is INO(EF) = 1.

The imaginary part of X (q, ) can be related to spin-spin correlation (3), and as the
strength of the interaction increases, spin- spin correlation lifetimes are found to in-
crease. It becomes possible to explain certain properties of the system in terms of
itinerant damped spin fluctuations (paramagnons) with reasonably well defined energy-
momentum relationships. In fact these paramagnons enter the theory in a manner simi-
lar to damped phonons and yield rather similar effects.

The emission and reabsorption of the paramagnons yield (4,5) contributions to the
single-particle self-energy, and hence to the effective mass, rather similar to the man-
ner in which the fermion-phonon interaction yields corrections to the effective mass.
This leads not only to a modified low-temperature electronic heat capacity coefficient y
but to a modified temperature dependence (5) as well. In addition, s-electron scattering
from d -electron spin fluctuations (paramagnons) has been shown to yield contributions to
the low-temperature electrical and thermal resistivities which have been observed in
several alloy systems.

The transition metals for which the theory has been specifically devised are those
in which exchange enhancement effects are important but in which the system has not yet
gone ferromagnetic. In this category are the pure metals palladium, platinum, and rho-
dium (and certain intermetallic compounds such as Ni3 Al and Ni3Ga.) That these metals
are easily polarizable can be deduced from the fact that not only do these metals have
large paramagnetic susceptibilities but they can be made ferromagnetic by the addition
of small amounts of either Fe or Co (6). Even more interesting is the observation that
when nickel is added to Pd, Pt, or Rh, the systems remain paramagnetic over a limited
concentration range with susceptibilities which increase with composition; this increase
is most rapid for Pd and less rapid for either Pt or Rh. The compositions (in atomic
percent) at which the three systems become ferromagnetic are =2% for Pd (7), =40% for
Pt (8), and z60% for Rh (9). The Stoner enhancement factors have not been precisely de-
termined for each of these three metals, but they are in the same order as the ease with
which the system can be made ferromagnetic, and the best estimates for S are = 10 for
Pd (10), ;5/3 for Pt (11), and z1 to z5/3 for Rh (12).

In the paramagnetic region the magnetic susceptibility is a strong function of com-
position and diverges at the critical composition for the onset of ferromagnetism. In this
composition region the Stoner enhancement factor increases and diverges in a similar
manner. Because of the inability to distinguish between effects on S due to changes in
NO(EF) from alloying and effects on S due to changes in the interaction parameter I, it
becomes convenient to define I = INO(EF). As the critical composition is approached,
approaches unity and the Stoner enhancement factor diverges.

Paramagnon interaction effects in alloys have been described in terms of two models
which relate to the dependence of I on composition. In the "uniform enhancement" theory
no distinction is made between the solvent atoms and the solute atoms, and the interaction
parameter I is presumed to be the same throughout the solid. This approach has been
devised specifically for pure metals which are exchange enhanced but has been extended
to concentrated alloys in which sufficient averaging of atomic constituents is assumed to
occur that the interaction parameter need be considered a function of only the composi-
tion. A second model, the "local enhancement" model (12-14), was specificially developed
for the case of a host matrix containing a single impurity atom, like Ni, which tends to
drive the system ferromagnetic. The basic interaction term in this case is taken to be
particularly large in the cell containing the impurity atom; hence in this cell the system
is more nearly ferromagnetic than elsewhere. This model is directly applicable to alloys

3
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in the dilute limit; an extension to the case of more concentrated alloys also has been
carried out (14).

Several experimental observations which have been attributed to paramagnon-
interaction effects include (a) the very strong concentration dependence of the low-
temperature electronic specific heat of Rh-Ni (9), Pd-Ni (15-17), and Pt-Ni (18) alloys,
(b) the anomalous temperature dependence of the low-temperature specific heat of cer-
tain concentrated Rh-Ni alloys (9) and of one Pd-Ni alloy (19), and (c) the presence of a
term proportional to T in the low-temperature thermal resistivity of dilute Pd-Ni alloys
(20) and a term proportional to T2 in the low-temperature electrical resistivity of dilute
Pd-Ni (21) and Pt -Ni (18) alloys.

LOW-TEMPERATURE SPECIFIC HEAT

Theory

The first theoretical calculations which suggested that d-electron paramagnon inter-
actions could lead to significant enhancement in the effective electronic mass were made
almost concurrently by Berk and Schrieffer (4) and by Doniach and Engelsberg (5). Start-
ing from an interaction term in the Hamiltonian as shown in Eq. (4) both groups calculated
single-particle self-energy corrections due to the formation and reabsorption of paramag-
nons in the d-band. This yields, for a T = 0 calculation, an enhancement in the effective
mass and hence in the low-temperature electronic heat capacity coefficient; carried to
higher orders in the temperature this calculation leads to a modified temperature de-
pendence of the low-temperature heat capacity as well.

The final results are

Cv = (m 67T2 (S - 1)
2 ( T T (6)

T M 0 5 S\(T~ \Tr,

where (m*/fn) is the effective mass enhancement due to the many-body corrections to the
self energy. Also,

(m) 1 + 9 in (S/3) (7)

and

= (4TF/7TSI) (8)

where TF is the Fermi temperature of the host matrix and T, is a characteristic spin
fluctuation temperature and is related to the peak (as a function of Go) of Im X (q, co) or to
the peak of the spectral density function. As the interaction I approaches unity, the
Stoner enhancement factor increases rapidly and (m*/m) should increase and T. should
decrease.

Experimentally this would be seen as a large increase (the theory suggests a diver-
gence when I = 1) in e/ and the inclusion of a new temperature dependence for the low-
temperature heat capacity which varies as T3 in T. Experimental results of low-
temperature heat capacity are usually analyzed by plotting (C/T) vs T2. On such a plot
the data for simple metals yield straight lines; the intercept is a, and the slope yields
,8, the coefficient of the lattice (Debye) term in the specific heat (C = T +/3T5. The

4
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low-temperature specific heat, modified by paramagnon interactions, on the other hand,
exhibits a modified behavior when plotted as C/T vs T2, namely an upturn which has a
finite value and an infinite slope in the limit T - 0.

All of these predictions are based on a uniform enhancement concept, one in which
I or S is the same throughout the metal lattice and can be increased uniformly. How-
ever, realistically, one can modify I or S (at low temperatures) most easily by alloying
with a solute which tends to make the system go ferromagnetic. If, as in the case of
Rh-Ni, a considerable concentration of Ni is required before the system becomes ferro-
magnetic, sufficient averaging takes place that it appears reasonably correct to assume
I or S is uniform throughout the alloy. However, for Pd-Ni alloys, onlyz 2%Ni is re-
quired to make the system go ferromagnetic, and clearly a model which distinguishes
between the solvent and the more magnetic solute atoms is required.

Two calculations have been made for such a system; in one (12) electron-electron
interactions in the matrix have been neglected, and in the second (14) background
electron-electron interactions have been included in the calculations. In both cases the
calculations are based on an additional term in the Hamiltonian which accounts for the
fact that the system is more nearly ferromagnetic in the vicinity of the single impurity
atom than elsewhere in the lattice:

-= Ho + A 2 ntnj* (9)
Ni

Sites

The increase in the electronic repulsion in the vicinity of the Ni atoms is phenomeno-
logically introduced by the inclusion of the second term in Eq. (9); the first term is the
Hamiltonian of the pure matrix, as in Eq. (4). The increase in the interaction parameter
A i is empirically determined from the change in the magnetic susceptibility due to alloy-
ing. In the dilute limit (14)

1 dx 1 NO(EF) AI

X dc 77 1 - AIX(r = 0,o= 0) (10)
c= 0

where x (cr,) is the transform of X(q, w) for the pure matrix and c is the concentration
of the impurity.

The spin polarizability of the matrix and the amplitude of the paramagnons are
strongly enhanced in the vicinity of the impurity. This results in an additional increase
in the value of y and in the introduction of an additional term proportional to T3 in the
low-temperature specific heat. The calculation of Engelsberg et al. (14) yields

AC 3C= 0°(I + + 671 I2S In ( -T 9 _ (_T 1 . (11)

T 2 77 lS 3 5 (TS T( 2)0 e TF) 3

where AcV is the increase in the electronic heat capacity due to alloying, c is the concen-
tration, 71- (a localized-enhancement parameter) is (1/Xpd) (dxjll 0 y/dc, c is a range
parameter for the host interaction (and is experimentally determined), TF is the Fermi
temperature for the host, and ne is the number of d-electrons. The above result yields
not only a mass enhancement term and a T3 in T term but a new term which varies as
T3 and in principle could add to the lattice heat capacity and yield a modified "concen-
tration dependent Debye term."

5
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A somewhat similar calculation has been made by Lederer and Mills (12). They
consider the single-impurity case and assume that the intra-atomic repulsion between
d-electrons is especially large in the cell containing the impurity atom but is insignifi-
cant elsewhere. Their calculation also yields the prediction that ' increases strongly
and linearly with impurity concentration. Furthermore their calculation yields an upper
limit to the increase in Y which is

1 dY (alloy) [ 1 dX (alloy)(
= [3N (0 ) N* b0)1I (12)Y(host) dc I X (host) dc ]

where N (0) is the bare band density of states of the host and N*(0) is the observed
specific heat density of states of the host. They also note that the first correction to the
linear specific heat term is proportional to T3, but they give no details.

An alternative treatment of enhancement effects considering local spin fluctuations
in an exchange-enhanced host containing dilute impurities has been given by Chouteau
et al. (17). The basic formula they quote for the predicted changes in the low-temperature
electronic specific heat has the same functional form as Eq. (11), but it differs not only
in certain analytical details but also in regard to the nature and intended use of the pa-
rameters. Chouteau et al. write for the extra specific heat per impurity atom

Sd(SPd- (T 2 (T) 2 477 (TS'OC)l (13)

where

Im Xpd(q,')

A = urn
° EM XImO(q, ))

and T. 0 is the characteristic paramagnon temperature of the host and equals
ss[(ir/4) (S- 1) NO(EF)] -. One of the differences between this treatment and that of
Engelsberg et al. is the identification of a local fluctuation temperature T, loc. This
term is treated as an experimentally determined quantity and can be obtained from the
composition dependence of the "apparent lattice specific Leat."

Experimental Results

The theoretical calculations of the effects of electron-paramagnon interactions on
the electronic specific heat were originally applied (22) to old data of the heat capacity
and magnetic susceptibility of the Pd-Ag and Pd-Rh alloy systems (23). It is well known
that the values of both T and x of Pd containing about 5% Rh are significantly larger than
those for pure Pd. Further additions of Rh to Pd result in a decrease in both X and 7.
A monotonic decrease in X and Y is found for additions of Ag to Pd, the descent being
most steep for alloys between pure Pd and Pd containing approximately 55% Ag. From
these data, and using Eqs. (1) and (2), curves of N(EF) vs composition can be generated
and are shown in Fig. 1.

6
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Fig. 1 - The variation in the density of 1 8
states N(E) and the electron-paramagnon
mass enhancement m*/m of Pd-Rh and lis
Pd-Ag alloys. N(E), and N(E)x are ob-
tained from the measured values of the El/4
electronic specific heat coefficient y and /
the magnetic susceptibility X respec- >12/
tively. NO(E) is the unenhanced density ' ;0
of states obtained through the use of IC l
Eq. (6), and m*/m is obtained through the 8 8
use of Eq. (7), as explained in the text. X
For clarity N(E), and No(E) have been 66 E
multiplied by 2 and by 10 respectively. 2N(E) E

5 .I- J - - I I I t I I 

Rh.- 100% Pd -Ag

The peaks in -/ and x originally were presumed to reflect a peak in the density of
states curve in the 4-d band. In applying the paramagnon enhancement theory to these
data, Berk and Schrieffer (22) assumed a Stoner enhancement factor of 50 for pure Pd.
They were then able to deduce a mass enhancement factor for Pd of approximately 8.
Extending this calculation to the Pd-Rh and Pd-Ag alloys, they concluded that the ap-
parent peak in N (EF) was a result of spin fluctuation enhancement and that the bare band
density of states of the d-band was relatively flat over the entire region under consid-
eration (Fig. 1). Although they were forced to make many simplifying assumptions,
among which are the assumptions of a single spherical band for the d-electrons and a
much too large Stoner enhancement factor, the important conclusion of their work is that
large mass enhancements can result from spin fluctuation interactions in the d-band.

The first heat capacity data to be taken specifically to observe electron-paramagnon
mass enhancement effects were those of Ni-Rh alloys obtained by Bucher et al. (9). The
magnetic susceptibility and heat capacity of this system are shown in Fig. 2. The region
between pure Rh and 40%Rh-60%Ni is paramagnetic, and in this region the susceptibility
increases in a manner consistent with enhancement theory for alloys near the critical
concentration. The density of states obtained from the experimental values of the heat
capacity is also increased and peaks around 63% Ni (which is actually on the ferromag-
netic side of the critical concentration). Since such a high alloy concentration is neces-
sary for the onset of ferromagnetism, it would appear appropriate to apply the uniform
enhancement model to this system. Although both 7 and x are significantly enhanced, the
authors indicate that the enhancement of x at the critical concentration is = 70 whereas
the enhancement of 7 is estimated to be only 2. This latter quantity is smaller by roughly
a factor of 6 than the results of a calculation employing Eq. (7).

More significant, however, as shown in Fig. 3, is that an upturn is observed as
T - 0 when the heat capacity data are plotted as C/T vs T2 . The authors are able to
analyze the data using as the basic relationship an equation of the type of Eq. (6). The
line drawn through the points at the lower temperatures is a fit using this expression.

7
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Recent neutron diffraction observations of Hicks et al. (24) would indicate that near
the critical concentration giant magnetization clusters are present. If this is the case,
the low-temperature susceptibility would reflect superparamagnetic interactions be-
tween the clusters. Even more important is the fact that the increase in 7, as well as
the "anomalous" temperature dependence, could be alternatively explained on the basis
of superparamagnetic clusters.

At this moment the strongest corroboration of the theoretical calculations of mass
enhancement due to electron-paramagnon interactions is that of the electronic specific
heat of dilute Pd-Ni alloys (15-17,19). It is important to note that in this system the
alloys of Pd containing between 0 and approximately 2% Ni are paramagnetic with sus-
ceptibilities that increase rapidly with increasing Ni concentration (15,16,25). From the
measured values of the magnetic susceptibility as a function of concentration one finds
X-1 dx/dc = 77-1 'z 87. The low-temperature heat capacity observed for this system is
also extremely composition dependent; in plots of C/T vs T2, no upturn as T 0 is ob-
served in the data for any of the specimens.*

*Fawcett et al. (19) have studied the low-temperature electronic specific heat of a Pd-1.89%Ni alloy
over a relatively wide temperature range. At the lowest temperatures a slight nonlinear behavior
suggestive of an upturn is observed.
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For this reason, the data havebeenanalyzedintermsoftheusualformula C= 7T+,8T3 ,
and the values of X obtained by Schindler and Mackliet (15) and by Chouteau et al. (16)
are shown in Fig. 4. The composition-dependent "apparent Debye term" obtained by
Chouteau et al. (17) is shown in Fig. 5. For the dilute alloys 7 is observed to increase
extremely rapidly and linearly with concentration in accord with Eq. (11). The curve
peaks, however, on the ferromagnetic side of the alloy system. Employing the experi-
mentally determined values 7n-1 - 87 and (1/7) d7//dc - 19, and an estimated value 10 for
S, one obtains for the range parameter o- a value of 10. This is to be compared with a
value z6 for the corresponding quantity in pure Pd. Engelsberg et al. (14) feel that this
is in good agreement with the theory, and they suggest that the increase in the value of
the range parameter for dilute alloys represents changes in the exchange interaction in
the vicinity of the impurity atoms.

17

16 -

15 TV

00Fig. 4 - Electronic specific heat co- C3al 14 -
efficient e in the low-temperature 1 13 9
specific heat c V -T + 3T3 as a func- 12 
tion of composition of Pd-Ni alloys. E

IIClosed circles are from Ref. 15 and E
open circles are from Ref. 16. I0
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The fact that a T3 in T term is not observed, even for those alloys near the critical
concentration for the onset of ferromagnetism, also can be understood by employing Eq.
(11). The coefficient of the T3 In T term for dilute alloys is approximately that of pure
Pd times a factor 3c/2ri , 2.6 for a 2% alloy. Since a T3 In T term is not observed in
pure Pd, it is unlikely that it would be observed for the dilute, paramagnetic Pd-Ni al-
loys.

The same data have been interpreted in a related but somewhat different manner by
Lederer and Mills (12) and by Chouteau et al. (17). Since Lederer and Mills employ a
single impurity limit calculation, X would be expected initially to vary linearly with com-
position, as is observed. The value of (1/y) d7/dc can be obtained from Eq. (12). As-
suming values N*(0)/N(0) - 2 and 4' - 87, one obtains as an upper limit a value 130
for (1/Y) dc/dc. This is considerably larger than the experimentally determined value
19. (This apparent disagreement will be discussed later.) Also, Lederer and Mills note
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that one should not expect to observe a T3 In T term for these alloys, which is in agree-
ment with experiment.

Chouteau et al. also observe a concentration-dependent "apparent lattice term" in
the specific heat which they attribute to two sources. One contribution they associate
with the mass defect of the impurity and to the change in the elastic coupling. The other
contribution they associate with the T2 correction to the mass enhancement occurring in
the local enhancement calculation (Eq. (13)). They show that the former contribution is
small compared to the latter, and they then calculate a value of 20 ± 40K for the local
fluctuation temperature T5 Ioc-

Electron-paramagnon enhancement of the electronic specific heat has been observed
most recently in dilute alloys of the Pt-Ni system (18). The low-temperature heat ca-
pacities have been measured, and again it is found that the data can be analyzed in terms
of the usual linear and cubic temperature dependence. The observed values for y and P
versus composition are shown in Figs. 6 and 7. The specific features which should be
noted are (a) > increases essentially linearly as a function of Ni concentration, with the
data yielding [1/y (Pt)] de (alloy)/'dc t 3, and (b) the coefficient 8 of the T3 term de-
creases significantly with increasing Ni concentration, the data yielding the rather rough
estimate that, for the lower concentrations, [1/13(Pt)] d,8(alloy)/dc - -5 ± 2.

10
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The large and linear increase in Y with composition is in qualitative agreement
with the various model calculations of effective mass enhancement employing local-
enhancement concepts. In the Lederer and Mills calculation, employing the theoretical
estimates (11) N*(0)/N(0) - 3/2 and S - 5/3 and the experimentally determined value
(i/X) dx/dc - 12, one obtains a theoretical estimate (1/Y) dy/dc -5. This is to be com-
pared with the experimental value 3. The theoretical calculation represents an upper
limit for (1/e) dy/dc, and in a restricted sense the theory and experiment may at least
be said to be consistent.

The calculation of Engelsberg et al. for local enhancement effects in a significantly-
exchange-enhanced host yield a contribution to y of the form

(1/7) dy/dc = (l/x) (dX/dc) (m*/m)-l (3/2) (1 + Io/3) (14)

where m*/m is the band mass enhancement factor of the host. Employing the appropriate
values of the above quantities, one finds a value of the range parameter a- 25. This
value may be compared with the value 10 for Pd-Ni alloys and with the value 6 for
pure Pd.

The work of Engelsberg et al. also predicts a low-temperature specific heat having
a T3 In T term. One can estimate that for a Pt-6%Ni alloy the coefficient of this term is
approximately 1. Therefore, since a T3 in T term is not observed for pure Pt, it follows
that a T3 in T term is not expected to be observed in dilute Pt-Ni alloys.

A relatively linear variation with composition is found for the coefficient of the T3

term in the specific heat, (1/,8) d/8/dc -5 ± 2. One can crudely estimate that the mass
defect contribution to this term is z - 1, leaving a substantial electron-paramagnon con-
tribution. Employing Eq. (13), one finds for Ts I.e a value z 13-25OK. This is to be
compared with 20 ± 4OK found for Pd-Ni alloys. Since the Ts ,, parameter involves,
in principle, not only the properties of the host matrix but also the properties of the im-
purity atom, it is difficult to assess the significance of the approximate equality of Ts 1oe
for dilute Pd-Ni and Pt-Ni alloys.

It is to be noted that several of the theoretical estimates of the paramagnon enhance-
ment of e (or of m*/m) are considerably larger than the experimentally observed values.
This probably stems in part from the fact that the theoretical calculations are based on
simplifying assumptions such as the presence of a single parabolic band and the presence
of only intra-atomic exchange interactions between electrons. In recent theoretical work
some of these problems have been considered including (a) Hund's rule coupling (26-28),
(b) band structure effects (26,27,29), (c) impurity scattering effects (30,31) and (d) inter-
atomic exchange interactions (27). Most of these considerations tend to decrease the
theoretical estimates of mass enhancement and of the strength of the T3 in T term, al-
though numerical estimates for the alloy systems which have been investigated experi-
mentally are difficult to assess.

ELECTRON TRANSPORT PROPERTIES

Theory

The low-temperature electrical resistivity of strongly paramagnetic metals is com-
posed of several contributions whose origins are well known. At low temperatures the
electrical resistivity has the form

ill
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p = p0 + AT2 + G (T) , (15)

where po is the residual resistivity arising from electron-impurity scattering, AT2 is
an electron-electron scattering term, and G (T) is the Gruneisen term arising from
electron-phonon scattering and is proportional to T5 at low temperatures:

G(T) = J(T/D) 5 Js(OD/T)

BT' for (T/OD) «< 1

where J5 (x) is the Bloch-Gruneisen integral and is

y 5 dy
J5(x) f(ey -)1 e- Y)

(A, B, and v are constants, and OD is the Debye temperature.)

The origin of the electron-electron scattering term AT2 in Eq. (15), for all transi-
tion metals in general, was first given by Baber (32) and more recently by Appel (33) and
Colquitt (34). Baber considered the case of electron-electron scattering via a screened
coulomb interaction; no consideration was given to the initial or final spin states of the
electrons. This mechanism gives rise to a significant resistivity contribution when a
light, current-carrying electron (s-electron) is scattered by a massive electron
(d-electron). The Baber calculation yields a term which varies as T2 (as would be the
case for all electron-electron scattering) and which increases as the ratio of the masses
of the two electrons becomes greater than one.

The first calculation of the electrical resistivity arising from the scattering of
s-electrons from itinerant d-electrons in which a spin flip of the electrons occurs was
made by Mills and Lederer (35). They considered an exchange interaction of the form

HS-d = VcJ f s(r) * S(r)d 3 r, (16)

where V, is the volume of the unit cell, j is the s-d interaction parameter, s (r) is the
spin density of the s-electrons, and S (r) is the spin density of electrons in the d-band.
They retain in Eq. (16) only the terms in which a spin-flip of an s-electron is described.
They then calculate the relaxation time for a variety of cases; pertinent to this discus-
sion is the case of a metallic, ferromagnetic system of itinerant spins at temperatures
slightly above the Curie temperature. They demonstrate that the scattering rate and
hence the resistivity should be proportional to T2 (as contrasted with a constant term
for localized spins); the magnitude of the T2 term is not calculated. They observe that
the results for this calculation should also apply to a paramagnetic metal, like Pd, at
low temperatures.

Schindler and Rice (21) employed Eq. (16) and the Mills and Lederer formalism and
attempted to estimate the coefficient of the T2 term in the electrical resistivity for al-
loys in which the uniform enhancement model pertains.* They employed a variational
principle (36) to solve the Boltzmann equation, and they related the scattering rate for

*They applied this model to dilute Pd-Ni alloys; this was later shown to be inappropriate.
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s-electrons that scatter with a spin-flip from collective d-electron spin fluctuations to
an integral equation containing the spectral density function for paramagnons. For the
spectral density function, A (q,w), they employed a triangular approximation (37) which
presumes a linear variation of A(q,w) with w, up to a phenomenological cutoff value Wq.
(This approximation de-emphasizes high-frequency spin fluctuations and is a reasonably
good approximation for strongly enhanced metals.) The calculations yielded a T2 term
in the electrical resistivity (and a term linear in T for the electron-electron scattering
part of the thermal resistivity). The coefficient of the T2 term was calculated to vary
as S2, which for a uniformly enhanced system should, in turn, vary as (x/X) 2.

Lederer and Mills (13) have extended their earlier calculation to the case of a locally
enhanced alloy system like Pd-Ni. Again they consider an enhanced matrix containing a
single impurity atom which tends to drive the system ferromagnetic. The amplitudes of
the low-frequency spin density fluctuations are enhanced in the vicinity of the impurity
atom, and since this amplitude varies with temperature, they obtain a single impurity
contribution to the resistivity which is found to vary as T2 and as the first power of the
concentration (in the dilute limit).

The expression they obtain for the composition dependence of the coefficient of the
T2 term is

A(c) = A(0) {1 + F [s(AI/I)] 2 c} (17)

where A(0) refers to the host matrix, F is a parameter which may be approximated in
terms of nd, the number of d-band holes and of S (F - 1/4 nd S2 for a Pd host and 1/6 nd S2
for a Pt host), and s is a parameter which is expressed in terms of the real part of
x (q,)) for the host, i.e.,

s I = 1 - AI XR(q, 0)
q

and can be obtained from the susceptibility increase due to alloying (7A1 =I xos). The
calculation shows that, in the dilute limit, A (c) varies linearly with concentration and
has a slope that is roughly proportional to the square of the localized enhancement pa-
rameter - -'.

More recently Schriempf et al. (2) have focused their attention on the effects of
electron-electron scattering on the Lorenz number at low temperatures. Recall, as in
Eq. (15), that

p = po + AT2 + bT5

where the electron-electron scattering term is AT2, and that the electronic thermal re-
sistivity times the absolute temperature is

WT - (WT)o + aT2 + 8'T3

where (WT), is the electron-impurity scattering "residual" term, aT2 is the electron-
electron scattering contribution to the thermal resistivity, and /3'T3 is the electron-
phonon scattering contribution to the thermal resistivity. The classicial Sommerfeld
value of the Lorenz number is just p0 /(WT), = L0 = 2.443x 10-8 V2/K2, and the electron-
electron Lorenz number Le is

13
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L =Iim P - Po A
To0 (WT) - (WT) 0o 

Schriempf et al. use the formalism of Mills and Lederer (35) but employ the procedure
used by Schindler and Rice (21), i.e., a variational solution to the Boltzmann equation,
and consider the contributions to the electrical resistivity of both spin-flip and non-spin-
flip scattering of s-electrons from spin density fluctuations in the d-band. They calcu-
late that, for low temperatures,

e 3 + 12X3(1)//3(3)] (20)

Two forms of /8 are investigated, one appropriate to uniform enhancement, /8(U), and one
appropriate to local enhancement, /3(L):

2Q 2
4 l 12(d) (21)

3(u)(nm) J 1 ji - h Y-1i I F (ksx)I (21)

and

/3(L)(m) f
2

N N( O) Kh (-: j 
,8(L)(m) = 2Q XL d2 hd I )] F(k.x)12 dx (22)

In these two expressions F (q) is the form factor of the Wannier function associated with
the unit cell at the origin and is obtained from the radial portion of the 4d(10) orbitals of
atomic Pd calculated by Herman and Skilman (37), h (x) is the Lindhard function, k. and
kd are the Fermi wave vectors of the s- and d-electrons respectively, and 2Q is related
to the maximum angle OM through which s-electrons are scattered, 2Q = V 2 (1 - cos &M) .
The electrical resistivity is also calculated with this model and is found to have the form

Pee = V2-8()(3
32 Ntie 2 v 2 (23)

where N is the number of unit cells per unit volume and Vs is the Fermi velocity of the
s -electrons.

To calculate the variation of Le with alloying, kd is treated as an adjustable param-
eter, and values of Le and corresponding values of Pee are obtained. The results are
given as graphs in the form of Le Vs (A. 1 .- APd)/APd. (Calculations appropriate to
Pd-Ni alloys will be included as solid curves for comparison with experimental data in
Fig. 12.)

Experimental Results

Electron-paramagnon scattering effects have been observed, thus far, in only Pd-Ni
and Pt-Ni alloys. In both cases the local enhancement model seems most appropriate,

14
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since only dilute alloys have been investigated; in the Pd-Ni system, alloys containing up
to z 2%Ni were investigated,* and in the Pt-Ni system, alloys containing up to 9.4%Ni
were examined.

The ideal electrical resistivity p - p0 of Pd-Ni versus the absolute temperature T
is shown in Fig. 8 on a log-log plot. The straight line sections of the curves all have
slopes of 2; the coefficients A increase with increasing composition.

100 /-

10

Fig. 8 - The ideal electrical
resistivity as a function of
temperature

C)

q

0.1
5 10

TEMPERATURE (-K)

The coefficient A of the T2 term is plotted versus composition in Fig. 9. The initial
increase is approximately linear, but then A climbs more rapidly as the critical com-
position is approached. The value of (1/A) dA/dc for Pd-Ni is found to be z 675. The ex-
perimentally observed linear variation of A with composition is in agreement with the
linear variation predicted by the Mills and Lederer calculation, and the experimental
value of (1/A) dA/dc corresponds closely with the theoretical estimate. One obtains a
value (1/A)dA/dc 700 from Eq. (17) with the estimates 7F-1 = 87 (25), S = 10, and
nd = 0.3 hole/atom. This rather good agreement between theory and experiment leads
one to believe that s -electron-paramagnon scattering is the dominant contribution to the
electron-electron term in the low-temperature electrical resistivity of pure Pd.

The low-temperature electrical resistivity of dilute Pt-Ni alloys is shown as a func-
tion of composition in Fig. 10 along with values of the residual resistivity. A linear
variation of A with composition is observed up to approximately 2% Ni. For the quantity
(1/A) dA/dc these experiments yield a value z 28. The observed linear variation of A with

*The data presented here represent the data of Ref. 21 plus additional new data of Schindler and
La Roy.
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Fig. 9 - Concentration dependence of
the coefficient of the T2 term in the
low-temperature electrical resistivity
p = po + AT2 + BT5 of dilute Pd-Ni
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composition is again in agreement with the Mills and Lederer calculation; however, a
larger value of (1/A) dA/dc is predicted. Reasonable estimates of the necessary param-
eters are nd(Pt) z 0.4 hole/atom,* S (Pt) z 5/3 (11), and 1- 1 ; 10-12 (40). With these
parameters one obtains (1/A) dA/dcp = 55, where the subscript P serves to emphasize
that this calculation gives only the spin-fluctuation contribution. The experimentally de-
termined value of (l/A)dA/dc, on the other hand, includes all types of electron-electron
scattering, including those which do not result in spin flips. The difference between ex-
periment and theory can be resolved if one assumes the presence of an additional, con-
centration-independent contribution to the electrical resistivity having the form A'T2,
where A' , (1/2) [A (Pt)] expt,. A term of this type might well arise from non-spin-flip
(Baber) electron-electron scattering.

A term, linear in temperature, in the thermal conductivity, representing the
electron-electron scattering contribution, has only recently been observed for rather
pure Pd (41). From an experimental point of view the observation of such a term for
alloys is expected to be complicated by the possible presence of a significant amount of
heat transport via the lattice. However, in the dilute Pd-Ni alloy system the electron-
electron contribution would be expected to be sufficiently large that it would still be dis-
cernible in the presence of a lattice heat conduction of typical size for transition metal
alloys. In other, less enhanced, alloy systems the detailed behavior of the electron-
electron term would be expected to be masked by the phonon term.

Thermal and electrical resistivity measurements of Pd containing up to 1% Ni have
been made between z2 and z200K by Schriempf et al (20). Beyond the composition
Pd- 1%Ni the electron-electron term in the thermal resistivity could not be detected with
any accuracy. The thermal resistivity results are shown in Fig. 11; the electrical re-
sistivity data are in agreement with those already discussed for this system. The
thermal resistivity data are plotted in such a way that the intercept yields the coefficient
a of the T2 term of WT. The coefficient a increases rapidly with composition in a man-
ner similar to the behavior of A.

Values of Le versus 8A/A, where IA = Aai ,y - Apd, are shown in Fig. 12. It is seen
that the value of Le is essentially constant withcomposition. Theoreticalvalues of L' for
both the uniform and the average enhancement models have been calculated using Eqs.
(20), (21), and (22), and the results are shown as the solid lines. A value of k5 = 9.125x
107 cm 1, kd = 2k , and IPd = 0.9 were used in the calculation. The largest discrepancy
between theory and experiment is seen to be at pure Pd. It is felt that this discrepancy
is a result of the omission of a Baber scattering contribution to the resistivity. An esti-
mate of Baber scattering was made (90% of the scattering in pure Pd), and the same
amount was added to the resistivities of the Pd-Ni alloys. The result of this modifica-
tion is shown in the figure as the dashed line. The agreement is better but still not
excellent.

SUMMARY

Electron-paramagnon interaction contributions to several physical properties of
strongly-exchange-enhanced alloys have been observed. Theoretical calculations of
these effects give, in almost all cases, reasonable, but somewhat large, estimates for
their magnitudes. Comparisons of the experimental observations and the corresponding
theoretical analyses are as follows.

*A rough estimate of n,(Pt) was obtained from the size of the -centered, closed electron surface
in Pt (38,39).
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Fig. 11 - The electronic thermal resistivity of Pd-Ni alloys
as a function of the absolute temperature

1. The coefficient -e of the electronic specific heat is found to be strongly composi-
tion dependent for dilute, exchange-enhanced alloy systems. A linear variation of y with
composition is found for dilute Pd-Ni and Pt-Ni alloys. In both alloy systems the mag-
nitudes of the increase of Y with composition are considerably smaller than the theoret-
ical estimates.

2. The coefficient y of Rh-Ni alloys is also found to be strongly composition depend-
ent near the critical composition for the onset of ferromagnetism. The increases of both
y and x are similar in appearance (they both exhibit maxima at the same composition),
but the theoretical estimate of the enhancement in y is significantly larger than is ex-
perimentally observed.

3. Theory predicts the presence of a T3 in T term in the low-temperature specific
heat. Such a term is found in the specific heat of Rh-Ni alloys (and possibly in one Pd-Ni
alloy) but is most apparent in a Rh-Ni alloy which has already gone ferromagnetic.

4. Theoretical calculations predict a composition-dependent "Debye" term. Such a
term is observed for dilute Pd-Ni and Pt-Ni alloys.

5. The low-temperature electrical resistivity of dilute Pd-Ni and Pt-Ni alloys con-
tains a T2 term with a coefficient A which is an extremely strong function of the com-
position. A linear behavior is observed at low concentrations in agreement with the local
enhancement model. The correspondence of the experimental and theoretical estimates
for (1/A) dA/dc for Pd-Ni alloys is especially good. This suggests that in these alloys
the AT2 term is dominated by electron-paramagnon scattering. Theoretical estimates
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Fig. 12 - Comparison of calculated and measured
values of Le of Pd and dilute Pd-Ni alloys. A is
the coefficient of the T2 term in the electrical
resistivity, and 8 A = A. l oy - APd . The solid
dots and error bars represent values of Le ex-
tracted from the data. The solid lines are the
results of calculations for both local and uniform
enhancement mode l s of electron-paramagnon
scattering with 1 Pd = 0.9, k =9.125 x 107 cm- 1 ,
and kd = 2kg. The dashed lines are the results
of modifying the calculation by adding a concen-
tration-independent amount of Baber scattering
to the electron-paramagnon scattering; the dashed
curves shown here are for Baber scattering which
is 90% of the scattering in pure Pd.
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of the magnitude of the linear dependence of A with composition for dilute Pt-Ni alloys
are somewhat larger than the experimental values, but agreement can be obtained if a
reasonable amount of Baber scattering is assumed to be present in pure Pt and in the
dilute alloys.

6. The low-temperature thermal resistivity of dilute Pd-Ni alloys is found to con-
tain a term linear in temperature, which is in accord with the electron-electron scatter-
ing calculation. The coefficient of this term is a strong function of composition and
yields a value of Le which is essentially independent of the composition. Theoretical
estimates of the variation of Le are obtained which agree tolerably well with experiment,
if the local enhancement model is employed. To obtain agreement it is found necessary
to assume kd = 2k, and to assume that, in contrast with the conclusions of earlier ob-
servations, a significant amount of Baber scattering is present in pure Pd.
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